Mutants affecting male sterility have potential applications in breeding methodology studies and for commercialization of hybrids. Male-sterile, female-fertile soybean [Glycine max (L.) Merr.] plants were observed in an F 2 entry. Our objectives were to determine the inheritance, linkage, and allelism of the A94-JB-124 male-sterile, female-fertile mutant, and to conduct a detailed comparative microscopic study of microsporogenesis and microgametogenesis of fertile and sterile plants. The A94-JB-124 male-sterile, femalefertile mutant is a single recessive gene, allelic to ms6, and is linked to the W1 (flower color locus) with 4.3 ± 0.3% recombination value based on 988 F 2 plants in the couplinglinkage phase. A comparative microscopic study of microsporogenesis and microgametogeucsis of fertile and sterile plants was conducted. The expression of the male-sterile gene is associated with rapid degenerative changes both in the tapetum and the parietal layer. These changes are initiated at the late sporogenous mass stage. The A94-JB-124 mutant was assigned gene symbol Ms6 ms6 (Ames 2) and Genetic Type Collection number T354H. The T295H Ms6 ms6 mutant is now designated Ms6 ms6 (Ames 1). T354H will be useful in the Coscgregation Method to produce hybrid soybean seed. 
S
EED PRODUCTION by self-pollinated plants is dependent on concerted development of both male and female reproductive structures, coupled with successful pollination and fertilization. Mutations that selectively eliminate male reproductive function and leave female function unimpaired have potential application in hybrid seed production (Homer and Palmer, 1995) .
In soybean, seven genic male-sterile, female-fertile mutations have been reported (Graybosch and Palmer, 1988; Palmer et al., 1992; Jin et al., 1997) . In addition, cytoplasmic male sterility has been reported from a G. max × G. soja Sieb. & Zucc. cross (Sun et al., 1997) . Because soybean is autogamous and the production of hybrid seed is tedious (Fehr, 1980; 1987) , the Cosegregation Method was developed to produce large quantities of hybrid seed (Lewers et al., 1996) . This method utilizes the close genetic linkage between the WI locus (flower color) and the Ms6 locus (male fertility; Skorupska and Palmer, 1989 Our objective~s were to determine the inheritance, linkage, and allelism of the A94-JB-124 male-sterile, female-fertile mutant, and to conduct a detailed comparative microscopic study of microsporogensis and microgametogenesis of fertile and sterile plants.
MATERIALS AND METHODS

Origin
In 1994, we observed an F2 entry, A94-JB-124, with segregation of 39 fertile: 11 mostly sterile plants of G. max. The partially sterile plants bore several 1-, 2-, and 3-seeded pods. The original cross was A92-JB-13 × BSR 101 (Tachibana et al., 1987) . A92-JB-13 was heterozygous for a seedling lethal mutant derived from a single, chimeric (variegated foliage) plant observed in a progeny row of tissue-culture-derived PI 427.099 (Jilin 3) (Amberger et al., 1992) .
Inheritance and Linkage
Twenty fertile plants were single-plant threshed from entry A94-JB-124 and evaluated as F2 plant progeny rows (F3 plants) in 1995. Entries were recorded as nonsegregating for sterility or segregating for fertile and sterile plants.
Five purple-flowered fertile plants, from a single entry segregating purple/white flowers and fertile/sterile plants, were single-plant threshed. Progeny from these plants were planted in 1997 and classified for purple/white flowers and fertile/ sterile plants. The ×2 test was calculated to determine whether the observed data fit the expected ratio. The linkage estimation was calculated by the Linkage-1 computer program, which uses the maximum likelihood method (Suiter et al., 1983) .
Allelism Tests
The linkage of the flower color locus (W1) with male sterility and the shriveled phenotype of the anthers from sterile plants suggested that the unknown sterile may be an allele at the ms6 locus. Cross-pollinations of the A94-JB-124 sterile plants by known heterozygotes, Ms6 ms6, (constructed by crossing ms6 ms6 plants × sibling Ms6 Ms6 plants the previous year) were made in 1996. The F1 seeds were planted at the University of Puerto Rico-Iowa State University soybean nursery near Isabela, PR, which has a very-fine, kaolinitic, isohyperthermic Typic Hapludox soil. At maturity the F~ plants were classified as fertile or sterile. The fertile plants were singleplant threshed and evaluated in the F2 generation in 1997 at the Bruner Farm near Ames, IA, which has a Clarion-Nicollet Loam soil type.
Microscopy
Both fertile and sterile plants were raised in a growth chamber with continuous 29/24°C day/night temperatures and these photoperiod (day/night) regimes: 18 h/6 h first 3 wk, 16 h/8 fourth week, 14 h/10 h fifth week, and 13 h/ll h (induction) for the sixth week through flower collection. Generally, flowering and flower collection began in the ninth week. Whole flowers with anthers at different stages of development (microsporogenesis and microgametogenesis) were removed from fertile and sterile plants and placed immediately in a mixture of 20 58 Published January, 1999 g kg-' glutaraldehyde and 20 g kg-I paraformaldehyde in a 0.1 M phosphate buffer, pH 7.2 at room temperature (RT). The flowers were kept in the refrigerator (5°C) overnight in buffered fixative, and then processed through three cold buffer washes, 20 min each, post-fixed in 10 g kg-' osmium tetroxide in the same buffer for 1 h (RT), rinsed in buffer for several minutes, then dehydrated through an acetone series to pure Spurr's resin (firm mixture; Spurr, 1969; Polysciences, Inc., Warrington, PA).
One-micrometer thick cross-sections of the anthers were cut with glass knives, mounted on glass slides, and stained with toluidine blue. Anther sections 60-to 80-nm thick were cut with a diamond knife and stained with methanolic uranyl acetate and aqueous lead citrate. Thick sections were viewed on a Leitz orthoplan light microscope (LM) (Leica Inc., Deerfield, IL) and photographed with Kodak Techpan film (Eastman Kodak, Co., Rochester, NY), and thin sections were viewed on a JEOL 1200-EX scanning transmission electron Some of the later-stage flowers, after fixation, were processed through an ethanol series to pure ethanol and critical point dried by using carbon dioxide. The outer flower appendages were individually mounted on aluminum stubs with double-stick tape. Silver paint was applied to the floral bases and smeared outward onto the exposed aluminum stubs. The dissected flowers were sputter coated with a gold-palladium target in a Polaron 5100 coater (Energy Beam Sciences, Agawam, MA) and then viewed in a JEOL 5800LV scanning electron microscope (SEM) at 10 kV and photographed with Polaroid Type 665 film (Polaroid Corp., Cambridge, MA).
RESULTS AND DISCUSSION Genetics Studies
The original F2 entry, A94-JB-124, segregated about 3 male-fertile, female-fertile plants : 1 male-sterile, female-fertile plant (Table 1) . The F3 generation segregated 3 : 1 confirming the F2 data (Table 1) .
Anthers of the male-sterile plants were void of pollen at anthesis. The shriveled phenotype of these anthers was similar to anthers from ms6 ms6 plants. Allelism tests were made between the A94-JB-124 male-sterile mutant and Ms6 ms6 plants as male parent. If the unknown male sterile were allelic with regard to the ms6 sterility, one-half of the F1 plants would be male sterile and the other one-half would be fertile. All fertile F1 plants would segregate 3 fertile : 1 sterile in the Fz generation. Conversely, if the A94-JB-124 male sterile was non-allelic to ms6, all F1 plants would be fertile. In the F2 generation, one-half of the progenies would segregate 3 fertile: 1 sterile and the other one-half would segregate 9 fertile : 7 sterile. The F, segregation was 29 fertile : 23 sterile (x' 1 : 1 = 0.69; P = 0.41), indicating allelism at the Ms6 locus. Confirmation of the F1 data in the F2 generation was evident because all 29 fertile F1 plants segregated 3 fertile : 1 sterile (Table 1 ). This 3 : 1 segregation also substantiated the single-gene recessive inheritance of the A92-JB-124 male-sterile, femalefertile mutant.
The Ms6 locus is linked to the Wl locus with recombination values from many diverse genetic backgrounds of 2.48 ? 0.1 to 4.90 2 0.35 (Skorupska and Palmer, 1989; Lewers and Palmer, 1993; Palmer et al., 1998 Palmer and Skorupska, 1990) was considered. However, isozyme analysis of A94-JB-124, its parents, A92-JB-13 and BSR 101, T295H, and its siblings Ms6 ms6 Wl Wl and Ms6 ms6 WI wl ruled out contamination (unpublished results). The A94-JB-124 mutant represents an independent mutation at the ms6 locus. Skorupska and Palmer (1990) have reported independent mutations at the male-sterile, female-fertile loci msl, ms3, and ms4.
Microscopy
Sectioned and whole anthers from both fertile (Fig. 14; 9-12; 16-19; 21) and male-sterile ( Fig. 5-8 ; 13-15; 20; 22-24) plants displayed all of the stages of microsporogenesis and microgametogenesis, from sporogenous mass stage (premeiosis) to engorged pollen stage near anthesis. These stages spanned the time during which the first abnormalities appeared in the sterile line. Each light microscope (LM) micrograph (Fig. 1-18) shows only one of the four microsporangia of an anther in cross-section. Each microsporangium displays four wall layers (from outside in: epidermis, endothecium, middle layer, and parietal layer), a secretory tapetum and the central male cells.
At the sporogenous mass stage, both the fertile (Fig.   1 ) and male-sterile (Fig. 5) anthers appeared the same.
By the late sporogenous mass stage, when callose first appeared around the sporogenous cells, the tapetum and parietal layer cells from male-sterile plants showed vacuoles (Fig. 6) , in contrast to the fertile plants (Fig.  2) . During meiosis, fertile plants (Fig. 3, 4, 9) formed tetrads of microspores encased in callose, whereas malesterile plants (Fig. 7,8,13 ) displayed degeneration of the tapetum and a grossly enlarged parietal layer. Callose formed around meiotic cells of male-sterile plants but these cells did not completely form tetrads (Fig. 8) before they too degenerated and collapsed because of further enlargement of the parietal layer and the disintegrated tapetum (Fig. 13, 14) . After tetrad callose dissolution in the fertile plants (Fig. 10, 11) , the released microspores continued their development and enlargement (Fig. 12) , and formed pollen grains that became engorged before anthesis (Fig.  16-18) . The tapetum showed visible signs of degeneration between the late microspore stage (Fig. 12) and early pollen stage (Fig. 16) .
Anthers from fertile plants near anthesis, observed with the SEM (Fig. 19) , were robust at the time they split open to release their pollen. Anthers from open flowers of male-sterile plants (Fig. 20) were shriveled with no evident pollen (compare with Fig. 15 ).
Observations were made with the STEM (Fig. 21-24 ) at the late sporogenous mass stage when the first signs of differences were evident at the LM level between the fertile plants ( Fig. 2) and male-sterile plants (Fig.  4) . Initial differences noted were a greater disorganization of the cytoplasmic organelles in both the cells of the tapetum and parietal layer (Fig. 22) . This disorganization became more pronounced as the tapetum degenerated and vacuolation and enlargement of the parietal layer cells continued (Fig. 23, 24 ). At this latter time the male cells showed a less dense cytoplasm but an increase in small dense bodies.
Overview
All of the microscopic results indicate that the malesterile gene expression is associated with rapid degenerative changes in both the tapetum and the parietal layer. The former disintegrates rapidly whereas the latter enlarges inward, possibly contributing to the crushing of the degenerated tapetum and the male cells. These pathological events prevent the male cells from developing beyond the early tetrad stage, thus, causing male sterility. These observations are consistent with those of Genetic Type T295 ms6 ms6 soybean mutant (Skorupska and Palmer, 1989 ).
The ms6 line shows some differences that are not observed in the msl -ms5 lines (Graybosch and Palmer, 1988; Palmer et al., 1992) and the recently reported genic-male-sterile soybean by Jin et al. (1997) . There are similarities with the ms2, ms3 (Palmer et al., 1992) , and the new genic-male-sterile soybean line (Jin et al., 1997) in that the tapetum is affected and callose is not dissolved around the tetrads leading to male cell abortion at the mid-to late-tetrad stages. Collectively, the genic-male-sterile lines already identified in soybean show gene expression occurring in the anthers around the time of meiosis, either in association with the sporophytic tissues immediately around male cells, such as the tapetum and parietal layer, or with meiotic abnormalities.
Two marker-assisted methods for identification of male-sterile, female-fertile soybean plants have been proposed. Both utilize close genetic linkage of a marker locus and a male-fertility / -sterility locus. Carter and Burton (1992) proposed using the linkage of the ms5 locus and a recessive green seed embryo trait to produce hybrid seed. Lewers et al. (1996) described the Cosegregation Method of the ms6 locus and the wl locus, which affects hypocotyl color of the seedling, flower color at anthesis, and hilum color at maturity. The Cosegregation Method has been used to estimate and compare heterosis and inbreeding values for agronomic traits of testcross lines (Lewers et al., 1998) . In addition, the Cosegregation Method might be useful in several research areas including genetic control of complex traits, prediction of parental value, recurrent selection, and commercialization of hybrid soybean (Lewers and Palmer, 1997) .
Thiry-four near-isogenic pairs of soybean germplasm lines have been developed by backcrossing the ms6 amd wl alleles (Genetic Type T295H) to 34 genetically diverse recurrent parents. Twenty-four near isogenic pairs cosegregate at the Ms6 and Wl loci in coupling phase (Ms6Wl ms6wl; Palmer and Lewers, 1998).
The A94-JB-124 line is Ms6 Wl ms6wl and tt (gray pubescence), which reduces the effort necessary to maintain cosegregation of the wl and ms6 alleles (Lewers and Palmer, 1997). The A94-JB-124 line becomes Genetic Type T354H with gene symbol Ms6 ms6 (Ames 2). Genetic Type T295H becomes Ms6 ms6 (Ames 1). Both gene symbols were approved by the Soybean Genetics Committee (10 April 1998).
